Two opposing points of view concerning the sources of hydrocarbons (HC) in the main reservoirs of the South Caspian Basin (SCB) Productive Series (PSLower Pliocene) reflect syngenetic or epigenetic genesis. Based on recent research results the nature of HCs in the PS is shown to be epigenetic. In the elevated onshore parts of the SCB PS Oligocene-Lower Miocene (Maikop series) rocks play a prevailing role in the formation of oil fields but in the central buried part of the SCB Middle-Upper Miocene rocks (Diatom suite) play a more dominant generation role. Нydrocarbon generation induces overpressure as shown by direct measurements in wells. The formation of HC pools in the PS occurred as a consequence of subvertical migration from underlying OligoceneMiocene deposits, characterized by impulsive injection. Two main phases of oil migration occurred during the development of commercial accumulations in the PS. The distance of subvertical migration of HCs in the SCB is estimated to be about 4 km for oils and 10-11 km for gases.
INTRODUCTION
The South Caspian Basin (SCB) is one of the oldest hydrocarbon producing basins in the world. Oil and gas have been produced commercially for more than 150 years. The stratigraphic range of oil/gas productivity includes sediments from the Oligocene to the Quaternary; however, the main producers are sandy-clayey deposits of the Lower Pliocene (Productive Series-PS). Throughout the history of PS exploration in the SCB (Azerbaijan part) 83 multi-pay fields ( Fig. 1 ) have been discovered, included 487 pools, about 54% of which are oil, 21% are gas/oil and 25% are gas condensate.
Since the mid 1990's joint studies by Azerbaijan researchers and their colleagues from foreign petroleum companies and research centers have been based on the latest laboratory techniques for organic matter and oil and gas investigations. In recent years a number of publications have discussed thoroughly the results obtained (Bailey et al., 1996; Guliyev and Feyzullayev, 1996; Wavrek et al., 1996; Abrams and Narimanov, 1997; Inan et al., 1998; Кatz et al., 2000; Feyzullaev et al., 2001; Gurgey, 2003) .
All the above articles, based on advanced analytical methods, support unequivocally an epigenetic origin for HCs in the Productive Series-the main reservoirs of the SCB. This general framework underpins the basic conclusion that the oils in the PS are from Oligocene-Miocene source rocks.
Nevertheless, some articles (Alizadeh, 1980; Aliyev, 2004; Dadashev et al., 2006 ) still argue for in-situ oil generation in the PS. The present paper summarizes all recently carried out advanced geochemical studies of the SCB Neogene rocks with the objective to evaluate the origin of the hydrocarbon (HC) accumulations in the PS.
METHODS OF STUDY
Rock-Eval analysis is a technique widely used for the rapid determination of source quality, maturity and petroleum potential of rock samples (Tissot and Welte, 1984) . When a sample of whole rock is analyzed, recorded output from the typical Rock-Eval apparatus consists of three separated peaks. The first domain (S 1 ) represents products evolved at pyrolysis temperatures up to about 300℃ that can be related to the yield of free organic matter (bitumen) distilled from the rock. The area under the second domain (S 2 ) represents the amount of hydrocarbon-like products evolved during the thermal degradation of kerogen in the 300-550 ℃ range. The S 2 peak also provides information about the maturity level of the sample by means of the T max parameter (the temperature at which S 2 peaks). The area of the third domain (S 3 ) corresponds to the yield of CO 2 generated during pyrolysis from oxygen-containing functional groups in the kerogen.
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Figure 1. Map of location for prospective structures (1) and oil/gas and gas condensate fields (2) in the SCB.
To characterize the productivity and maturity level of source rocks several bulk parameters are used. The ratio of S 1 to the sum of S 1 and S 2 defines the production index (PI), a parameter determining the extent of petroleum generation. The hydrogen index (HI) corresponds to the quantity of organic compounds or "hydrocarbons" from S 2 relative to total organic carbon (TOC) measured as mg S 2 /g TOC. The oxygen index (OI) corresponds to the quantity of CO 2 relative to TOC (mg S 3 /g TOC). A cross-plot of HI vs OI is routinely used to determine kerogen type and source quality.
In onshore Azerbaijan outcrop samples have provided the bulk of material for source rock studies. A minor part of the rock samples is represented by mud volcanic ejecta. Some rock samples were taken from wells drilled in offshore oil and gas fields. Because the outcrop samples have experienced substantial weathering, geochemical characterization has been conducted on core samples and mud volcanic ejecta.
Several methods and approaches are employed for assessment of maturity of organic matter (OM) and HC fluids. Maturity of oil and gas is evaluated from the analysis of the OM that is thought to be their progenitor. These estimates are based on optical determination of vitrinite reflectance (R o ) that characterizes paleo-temperature conditions for OM to HC conversion. The level of thermal alteration of organic debris is also evaluated using Т max and the pyrolysis parameter (S 1 /(S 1 ϩ S 2 )).
A number of isotopic geochemical parameters are applied for direct assessments of oil and gas maturity. Sterane isomerisation degree {ααα С29 (20S/(S ϩ R))}, monoaromatic sterane aromatization degree {C28 triaromatic.sterane/(C28 triaromatic.ϩ C29 monoaromatic.sterane)} and methyl-phenantrane index {formulae MPI-1 = (1.5 (2-MP ϩ 3-MP)) /(P ϩ1-MP ϩ 9-MP ϩ 4-MP) and MPI-3 = (2-MP ϩ 3-MP) /(1-MP ϩ 9-MP ϩ 4-MP)} are the most often applied biomarker ratios for oil maturity assessments. Based on empirically derived relationships values of these parameters are converted to equivalent R o values (Peters and Moldovan, 1993) .
Gas maturity estimates are based on an empirically derived interrelation between carbon isotopic composition (CIC) of HC gases and vitrinite reflectance (R o ) (Faber, 1987) . Using this relation (in combination with the R o versus depth relationship in the studied region) HC gas generation depths are evaluated. Ethane and propane CIC values are generally used. Methane carbon isotopic signatures are less reliable in view of possible bacterial methane input.
RESEARCH RESULTS

OM characterization
The initial step in HC ontogeny is sedimentation and source rock formation, followed in order by OM thermal transformation, primary and secondary migration of generated liquid and gaseous HCs, formation of oil accumulations due to capture of some of the generated HCs and, finally, this succession ends at reformation and destruction of the accumulations.
Start with characterization of OM in the Lower Pliocene PS sediments in comparison with the underlying Miocene deposits based on the pyrolysis data ( Table 1) .
The total organic content (TOC), overall HC yield (S 1 ϩ S 2 ) and hydrocarbon index (HI) of the Miocene sediments are both quantitatively and qualitatively much larger than from the Lower Pliocene sediments. The values of OI indicate that Lower Pliocene sedimentation took place in geochemically less favorable conditions (more oxidizing) as compared to the Miocene period of basinal history (see Table 1 ).
Annotated diagrams based on the pyrolysis data display quantitative and qualitative distinctions between OM in the Miocene and Lower Pliocene (Fig.2) .
Although these units share a common area at the lower portion of the plots (type 3 OM), nevertheless a large number of Miocene samples are identified as type 2 OM and correspond to the category of source rocks of good/excellent HC potential. Figure 2 give an overall geochemical characterization for the PS sediments. Huseynov (2003) presented geochemical data for individual stratigraphic units of the PS that show poor values both in amount and quality of OM with the exception of the basal Kala suite (KaS), which exhibits relatively more favorable HC generative characteristics (Table 2) .
Thermal conditions and maturity of OM/HCs
To realize their HC potential rocks have to experience adequate temperature conditions. Therefore the maturity levels of oil and gas are the most important parameters that allow, in combination with other geologic-geochemical parameters, specific information to be gleaned on the depth of hydrocarbon generation, the stratigraphic control of source rocks, and on the directions and conditions of HC migration.
Observations (Peters and Moldovan, 1993) indicate that the onset of intensive oil generation is about 100 ℃ (subsurface temperature), and a paleomaturity indicator (Ro) of around 0.5-0.6%.
Based on studying many source rocks Cooles et al. (1985) noted that "… most oil and gas generation occurs within the temperature range 120-150 ℃, with some limited generation occurring in some source rocks between 100-120 ℃. Most generation beyond 180 ℃ is thought to be of gas." Avalanche sedimentation rates at the Neogene-Quarternary stage of the SCB history led to the formation of a thick sedimentary cover with an abnormally low thermal regime (Fig. 3) . In the central, deeply buried, offshore part of the basin thermal gradients vary between 17-18 ℃/km (Fig. 4) . Accordingly, the top of the hydrocarbon generation zone in the SCB is situated substantially deeper than in other basins. Present-day formation temperature measurements taken in boreholes on a series of oil fields in the SCB indicate that the top of the oil window corresponds to depths between 5.5-6.0 km (Fig. 3a) .
Estimation of the thermal history of the SCB (based on vitrinite reflectance) has been evaluated (Wavrek et al., 1996; Abrams and Narimanov, 1997; Inan et al., 1998; Abdullaev et al., 1998; Guliyev et al., 1990; Кatz et al., 2000; Gurgey, 2003) . The variation of Ro values vs. depth (Fig. 3b) indicates that the onset of oil generation in the SCB occurred at about 5.5 km.
On the western flank of the SCB the present-day borehole temperatures and vitrinite reflectance measurements are consistent in pointing to oil generation onset at around 5.5 km. At that depth intensive overpressure occurs (Fig. 5) .
The present geological structure of the basin indicates that the PS strata have subsided to the depths of oil generation only at individual locations of the central, deeply buried, part of the basin, and such has taken place at the final stage of the basinal history. In other words, based on subsidence history and their present locations, as well as on heating duration, the PS sediments have not had adequate temperature conditions for OM conversion, as witnessed by low OM maturity.
Based on the thermal history of the SCB and isotope/geochemical data maturity determinations of oil and gas were carried out (i.e. one calculated % R eq ). Figure 6A displays an R eq plot for mud volcano ejecta and for oil field data, the modal values for oil maturity range between 0.7-0.9 and the maximum does not exceed 1.0%.
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Figure 5. Shale density and pore pressure vs. depth at the Bulla-deniz field (a) and the Bahar field (b) (for field locations see Fig.1 ): 1 and 2 -normal and actual compaction curves, respectively; 3, 4 and 5 -hydrostatic, actual and geostatic pressures curves, respectively; 6 -upper threshold of overpressure, caused by the start of oil generation.
The maturity estimates for the SCB gases (from fields, mud volcanoes and gas hydrates) span a wider range of 0.5-2.5% R eq while the highest frequency interval is 1.46-1.54% (Fig. 6B) .
As a whole the maturity estimates for mud volcano HC gases are in agreement with those for HC fields, varying within 1.30-2.10% R eq . Maturity estimates for four gas hydrate samples taken from the necks of submarine mud volcanoes occurring in the deep water South Caspian basin span a range of 1.47-1.94% R eq .
To generalize all information a summary histogram of maturity for oil and HC gases in the SCB has been constructed. Using the relationship between Rо and depth (see Fig. 3b ) for the SCB the histogram has been converted to depth to produce a generalized model for vertical zonality of oil and gas generation in the SCB. The interval of oil and gas formation occupies a depth range of 5-15 km, with an hypsometric shift between the zones of liquid and gas HC generation. Accordingly the oil generation interval is confined to 5 to 9 km (peak generation at 7-8 km), and for gas lies between 7 and 15 km (peak generation at 11 to 12 km) depth (Fig. 7) .
The wetness (С 2+ /С 1+ ) of gases in reservoirs and the estimates made for deeply buried gas generation strata fit well with the above model. The peak of the wetness ratio falls within an interval of 4.5 to 9.5 km, matching the oil generation peak shown on the left (see Fig. 7 ).
The vertical zonality diagram of oil and gas formation in the SCB and the depth association of the highest values of gas wetness ratio are further arguments in support of HC generation in the strata underlying the Lower Pliocene. 
DISCUSSION
The results of comparative evaluation of quantitative and qualitative characteristics of OM in the Miocene and Pliocene strata of the SCB, the paleo-and present-day temperature conditions for realization of the sediments' HC potential, the scheme of vertical zonality of oil and gas formation in the SCB, together with the depth association of the peak values of the wetness ratio are all strong arguments indicating that major HC generation has taken place in strata older than the Lower Pliocene.
In addition there are a number of other criteria carrying specific information on the formation of HC accumulations in the SCB.
The vertical zonality diagram of oil and gas formation in the SCB and the depth association of the highest values of gas wetness ratio is a further argument in support of HC generation in the strata underlying the Lower Pliocene.
In particular, comparison of accumulation and generation (calculated) depths of oils (Fig. 8a) and gases (8b), exhibit shifts of peaks relative to each other providing an objective indication of the occurrence of intensive subvertical migration of HC fluids. The modal value of the subvertical movement distance of the bulk of the oil is about 4 km, and is about 8 km for gas migration. This argument, too, is a strong additional support for the epigenetic nature of HCs in the PS.
Source-source, oil-source and oil-oil correlation based on a number of biomarker indicators are among the methods for genetic classification of OM and HCs. Studies conducted in recent years revealed the most effective classification for the SCB Figure 7. WE directed geological profile across the SCB with chart of calculated depths of oil and gas generation.
correlation: isotopic composition of carbon (ICC) in organic matter and oils (Bailey et al., 1996; Guliyev and Feyzullayev, 1996; Feyzullaev et al., 2001) . The profile of Fig. 9A shows that the ICC of PS reservoir oils trends to heavier towards the subsidence domains of the diatom deposits (Fig. 9B) , indicating that the contribution is gradually increasing of the diatom rocks in the formation of oil pools in the PS.
The major role of the subvertical migration in the formation of HC pools in the PS can be made more convincing through confirmation of HC supply highways through the PS structures. Such supply conduits using analysis of spatial variations of the complex of isotopic/geochemical, thermodynamic and other indicators have been discovered: the largest example is in the Guneshli oil field of the SCB. Analysis of the spatial distribution of ICC of oils (Fig. 10a) , formation pressures (Fig. 10b), temperatures (Fig. 10c ) and values of gas/oil ratio (Fig. 10d) all show good conformity with each other. All parameters examined indicate the abnormal zone is located in the SE part of the structure, reflecting conduits supplying HCs from the underlying strata.
Comparison of the ICC oils from different suites of the PS allows one to infer the existence of at least of two main subvertical migration phases in oil pool formations in the PS (see Fig. 9C ). The first migration phase is associated with the intensive transformation of the Maikopian OM when oil with relatively light ICC filled the traps of the lower PS. In this period the diatom sediments were shallower than the top of the oil generation zone (i.e. above the "oil window").
The second migration phase took place when the diatom sediments subsided to depths with favorable temperature conditions for intensive oil generation. At that time oil with relatively heavy ICC filled the traps of the upper PS (see Fig. 9C ). As the diatom sediments subsided and became sufficiently heated for OM transformation into HCs the second migration phase commenced leading to subvertical flow of oil having a relatively heavy carbon signature that charged traps within the upper PS. 
CONCLUSIONS
The Oligocene-Miocene deposits are the main source rocks in the petroleum system of the SCB. Commercial petroleum accumulations in the PS are epigenetic nature and have been formed due to subvertical migration. Results of comparative analysis of hydrocarbon potential of the sedimentary rocks, degree of realization and the isotope-geochemical characteristics of oil and gas all support this conclusion.
Contributions of various intervals of the Oligocene-Miocene section to the formation of oil accumulations change in space and time. In the elevated onshore parts of the SCB a prevailing role in generation of oil is played by the Maikopian (Oligocene-Lower Miocene) source rocks. More basinward, towards the central deeply buried section, the role increases of diatom source rocks. Generation of oil and gas are accompanied by overpressure which results in retardation of the kerogen transformation. Formation of the HC accumulations in the PS has taken place with the dominant role of subvertical migration from the underlying strata having an impulsive injection effect. The calculated average subvertical migration distance for oil is about 4 km, while for gas it is about 10-11 km. Two main phase of oil migration occurred during formation of commercial hydrocarbon accumulations in the PS. fig.1 ).
